Abstract. Seismic evaluation and collapse prediction of structures mostly includes determination of story displacement demands, and member forces and deformations for certain hazard levels. A few methods have been developed in the decades, such as modal pushover analysis (MPA), FEMA 440, and capacity spectrum. In general, non-linear pushover analyses are applied in these methods. This paper presents a seismic evaluation and collapse prediction method based on energy balance concept. In this method, the design base shear for any given hazard level can be obtained by associating the work necessary to push the structure to the design target drift with the energy needed in a structure of an equivalent SDOF oscillator. This work energy equation can be further applied to estimate responses of existing structures under certain earthquake excitations. In this procedure, an energy-displacement plot ( ) can be converted with the force-displacement curve (capacity) of the structure obtained by static pushover analysis. This curve is then overlaid over the energy demand plot ( ) for the specified hazard level to determine the ultimate displacement demand. This method can be also used to obtain the collapse margin ratio (CMR) without cumbersome time-history analyses, such as incremental dynamic analysis (IDA). The drift estimations and collapse predictions of two 20-story RC moment frame structures by applying this energy balance concept were in good agreement with those obtained from inelastic dynamic analyses and IDA using a set of representative ground motion records.
Introduction
Different nonlinear static seismic analysis procedures have been developed for evaluation and collapse prediction purposes. Static pushover method is one of the most widely accepted tools and can be used to estimate capacities of structures [1] . In terms of collapse prediction, to obtain the collapse margin ratio (CMR), intensive time-history analysis is required by scaling each ground motion to multiple levels of intensity in a set of ground motions. As proposed in FEMA P695 [2] , the incremental dynamic analysis (IDA) [3] and adjusted collapse margin ratios (ACMR) are adapted in current practice. IDA involves subjecting a given structure model to a set of ground motions, then each scaled to different levels of intensity, generating responding curves versus intensity level. Since excessive inelastic analyses to scale ground motions are needed in IDA, time and resource consuming can be expected, particularly for high rise buildings.
This paper provides a simple and direct seismic evaluation and collapse prediction procedure based on the energy balance concept. This energy balance concept was originally stated by Hounser [4] to get the plastic energy as absorbed energy by structures with the difference of input energy and elastic strain energy. Goel et al. [5] further modified this concept and develop one new plastic design method, called Performance-Based Plastic Design (PBPD) method. One of the main component in the PBPD method is to obtain design base shear by equating the work required to push the structure to the target drift with the energy needed in a structure of an equivalent SDOF system. In addition, the nonlinear behavior of structures is directly considered at beginning in the PBPD method so no iteration and repetition are needed and verified by nonlinear analyses or time history dynamic analyses once the preliminary design is done. This work energy equation can be applied to approximate the drift demand and the margin against collapse of an existing structure.
An example of 20-story reinforced concrete (RC) moment frame structures is illustrated for seismic evaluation and collapse prediction by using this procedure. The results of seismic evaluation are compared with those obtained by traditional evaluation method, which is time-history dynamic analyses and the results of collapse prediction are also verified by those obtained by IDA and ACMR. The comparisons conclude that, even without cumbersome and intensive time-history analyses, this procedure based on PBPD energy balance concept has good agreement with the methods in current practice.
Energy balance concept
Compared to traditional design method, the target roof drift and designated yield mechanism are employed in the PBPD method at the beginning of design. These two key parameters are associated to the level and allocation of damages in a structure under seismic excitation, respectively. In traditional design procedure, the design base shear is usually given by design spectrum in the codes; while in the PBPD method, the design base shear is determined by equating the work necessary to monotonically push the structure to the target drift to the energy required by an equivalent EP-SDOF to achieve the same state ( Fig. 1) for a specified hazard level. In addition, distribution of lateral design forces is also related to the structural response and it is simply a function of building height and period in the codes, which is unrealistic regarding complex inelastic and nonlinear behavior. Thus, a rational lateral forces pattern is then proposed in the PBPD method by relative distribution of ultimate story shears according to inelastic dynamic response results [6] . Detailing of structural members is then performed by traditional plastic design consistent with the initial designated yield mechanism.
The energy balance concept which is used to determine the design base shear is derived herein, since this equation can be further applied for evaluation and prediction purposes. More comprehensive discussion of the PBPD methodology can be found elsewhere [7] . a) b) Fig. 1 . Balance of input and absorbed energy by a given structure
Determination of design base shear
As mentioned earlier, the energy balance concept is used to determine the design base shear for certain hazard levels. It can be derived by equating the work necessary to push the structure to the target roof drift with the energy needed in a structure of an equivalent SDOF system to achieve the same state. Assuming a perfectly elastic-plastic (EPP) force displacement response of the oscillation system, this equation can be expressed as:
where is the elastic component and is the plastic component of the energy (work) needed to push the structure up to the target drift.
is the spectral velocity obtained from the elastic response spectrum; is the pseudo spectral acceleration; is the structure natural period; and is the structure total seismic mass. In the PBPD method, the input energy is equal to a coefficient of the equation proposed by Housner [4] , called the energy modification factor, . is the function of the structural ductility factor ( ) and the ductility reduction factor ( ). can be calculated as following:
As shown in Fig. 2 , the spectra for EP-SDOF suggested by Newmark and Hall [8] is adapted to relate and thanks to its simplicity. Thus, can be calculated from Eq. (2) are shown in Fig. 3 [9] . It is noted that any inelastic spectra for EP-SDOF can be adapted as preferred [10] . The work energy equation can be further organized as the following:
or:
Period (sec)
By solving the Eq. (4) for / , the design base shear force in the PBPD method can be obtained as below:
where is a dimensionless parameter given by:
where is the design plastic drift ratio, and ℎ * = ∑ ( ℎ ) . As mentioned, the energy balance concept was applied to derive Eq. (5) for . All the spectrum used in the above procedure is based on an ideal EPP force deformation response, which usually presents full hysteretic loops without pinching under cyclic loading, of the system.
Unlike steel moment frames, hysteretic behaviors of reinforced concrete structures are characterized as pinched due to their complex and degrading mechanical behaviors under high deformation demands. Basically, the same procedure of PBPD method can be applied to design of RC moment frame structures. However, two modifications need to be considered for determination of design base shear to account for pinched hysteretic behavior and P-Delta effect.
RC structures presents strength and stiffness degrading hysteretic behaviors and it may result larger peak displacement compared to those with full hysteretic loops. In SDOF systems, it is found that the peak displacement with degrading hysteretic behavior is larger in the short period range and about equal for longer periods. factor in FEMA 440 [1] (Fig. 4) is adapted in this study to represent effect of stiffness degradation and strength deterioration of RC structures. Therefore, the target design roof drift for a given structural system with pinched hysteretic loop can be divided by the factor that would give design target drift for an equivalent non-pinched system. This modified target drift ratio is then used to calculate the design base shear. Due to stiffness degradation and strength deterioration at plastic hinges and high dead load in RC members, it is essential to include P-Delta effect to calculate required moment capacity of beams for the RC moment frames for plastic design. P-Delta effect should be considered in the determination of required moment capacity of beams, particularly for high-rise buildings. By implementation a P-Delta column connected to the main structure with rigid links, effects of overturning moments caused by gravity loads can be well described. Thus, "P-Delta lateral force", , induced by P-Delta effect shall be added to the original design force, (Fig. 5) . The force can be simply calculated as , where is the tributary gravity load at floor level and is the target design roof drift ratio. 
Seismic evaluation and collapse prediction
In the PBPD method, the work energy Eq. (1) can not only be used to determine the design base shear, but its energy balance concept can be also applied for seismic evaluation and collapse prediction purposes. For a given structure with its force displacement curve obtained from pushover analysis, its peak displacement and CMR for a specific seismic hazard can be easily predicted [11] .
The Eq. (1) can be separated into two parts; the right hand side, , can be seen as energy demand and the left hand side, , represents the energy capacity of the given structure. and vary with roof displacement. By analytically solving the work energy equation, the desired peak roof displacement can be obtained. This peak roof displacement can be even graphing by establish and curves as a function of the roof displacement and resolving the intersection point of these two curves [12] .
Similarly, this energy concept can be used for collapse prediction by scaling the value of to correspond to collapse limit, . The maximum roof displacement of is employed into Eq. (1) to analytically solve the corresponding , which represents the collapse limit. The graphing method is also applicable by scaling to have the intersection at the end point of at the maximum roof displacement [13] .
A graphical illustration of this energy based evaluation and prediction procedure is shown in Fig. 6 . The curve of base shear versus roof displacement can be constructed by nonlinear static pushover analysis shown in Fig. 6(a) , where represents the total force (base shear), and the roof displacement, used as reference displacement. It is worth mentioning that the roof displacement can be substituted by any other floor which its force and displacement can be obtained. The energy capacity curve of a given structure, versus , (Fig. 6(b) ) can then be constructed by accumulating the work done by lateral forces. Thereafter, the energy demand curve, , can be converted as a function of as well by the right hand side of Eq. (1) as plotted in Fig. 6(c) . By overlaying and , the intersection of these two energy curves, where the capacity and demand are equal, presents the expected maximum roof displacement under this certain seismic hazard level, Fig. 6(d) . This procedure can be considered as a simple and direct method for seismic evaluation. Moreover, can be scaled up to have the intersection at the end point of , where gives the maximum roof displacement at collapse limit. The correspond to the scaled is considered as in Fig. 6(d) . Finally, CMR is then calculated by dividing by . In order to apply this evaluation and prediction procedures to RC structures, certain modification is required owing to their stiffness degradation and strength deterioration in hysteretic responses. As mentioned in the previous section, this concern is taken care of with the same manner by factor method to modify the demand curve, . The design target drift for an equivalent non-pinched system is adjusted in Eq. (2) with .
can be re-written as below:
Example: 20-story RC special moment frame
Two 20-story RC special moment frames are presented to verify the proposed seismic evaluation and collapse prediction. One is the code compliant frame adapted from ATC 63 Project [14] as the archetype benchmark frame. The other frame was redesigned by the modified PBPD method by considering pinched hysteretic behavior and P-Delta effect with the same conditions. These two RC frames consist of three bays with interior and exterior columns to characterize features related to seismic responses and collapse performances. The design details, including member sizes, reinforcement ratios, and reinforcement layouts, can be found elsewhere [15] [16] [17] . Both frames were subjected to inelastic nonlinear pushover and time-history analyses. A set of ground motion record set from PEER-NGA was selected to perform analyses. All the analyses were conducted with PERFORM 3D. Fig. 7 shows the force-displacement curves obtained by static pushover analysis of the two RC frames. It can be observed that the pushover response of PBPD frame tends much ductile than that of baseline frame. The roof drifts of PBPD frame either at the maximum base shear or collapse limit are twice higher those of baseline frame.
For seismic evaluation, the energy capacity and demand curves of the baseline and PBPD frames are generated as shown in Fig. 8 . The capacity curves (green line) was obtained by numerically integrating the lateral load and deflection values at the floor levels. The demand curve was obtained by Eq. (1) with the structure total seismic mass. In addition, can be established for different hazard levels by selecting different (red dash line: MCE level; blue dash line: 2/3 MCE or DBE level). As described in the previous section, the peak roof drift demands for different hazard levels can be easily determined from the intersection point of the corresponding demand and capacity curves.
To verify this proposed seismic evaluation procedures, time-history analyses with 22 ground motions records from PEER database were performed for 2/3 MCE (DBE) and MCE hazard levels as shown in Fig. 9 . The red lines in Fig. 9 represent the mean of maximum interstory drifts of baseline and PBPD frames and the green lines represent the maximum interstory drifts obtained by the proposed seismic evaluation methods. The comparisons show that this energy balance evaluation method has good agreement with traditional time-history dynamic analyses for the baseline and PBPD frames. It is also worth noting that the evaluation results are better in PBPD frames since the nonlinear responses and yield mechanism are considered in the design and they also respond more desirably. Incremental dynamic analysis (IDA) of these two 20-story RC SMFs are also carried out for collapse prediction (Fig. 10) . From the fragility curves (Fig. 11) converted form the IDA results, the can be found at the corresponding to 50 % probability of collapse. Thus, CMR can be calculated by divided by . In terms of energy balance concept for collapse prediction purpose, demand curves, , in Fig. 12 can be scaled up to have the intersection at the end point of , where gives the maximum roof displacement at collapse limit. The correspond to the scaled is considered as in Fig. 12 . Thus, CMR is then calculated by dividing by . Comparisons of CMR by using proposed prediction procedures and traditional IDA analysis are summarized in Table 1 . Calculated values of ACMR suggested in FEMA P695 are also included. The PBPD frames reflect significantly improved margin against collapse over the baseline frames. Even no time-history dynamic analyses involved, CMR and ACMR obtained from the proposed prediction method based on energy balance concept are close with those calculated by IDA analyses. 
Conclusions
The equation based on the energy balance concept in the PBPD method can not only be used to calculate the design base shear, but its energy balance concept can be also applied for seismic evaluation and collapse prediction purposes. This energy balance concept provides a direct procedure by simply graphing and curves and overlaying to find out the intersection point of these two curves.
Two 20-story RC moment frames were used to verify the validity of this method. The results show, even without cumbersome and time consuming time-history dynamic analyses with a set of ground motions, this seismic evaluation and collapse prediction method still provides estimations which are quite close to those obtained by traditional methods.
